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In the present paper we make a thorough analysis of a classical spin system, within the framework 
of Tsallis nonextensive statistics. From the analysis of the generalized Gibbs free energy, within the 
mean-field approximation, a para-ferromagnetic phase diagram, which exhibits first and second 
order phase transitions, is built. The features of the generalized, and classical, magnetic moment 
are mainly determined by the values of q, the non-extensive parameter. The model is successfully 
applied to the case of Lao.6oYo.o7Cao.33Mn03 manganite. The temperature and magnetic field 
dependence of the experimental magnetization on this manganite are faithfully reproduced. The 
agreement between rather "exotic" magnetic properties of manganites and the predictions of the 
g-statistics, comes to support our early claim that these materials are magnetically nonextensive 
objects. 

PACS numbers: 



I. INTRODUCTION 

In the literature of manganites, various models have 
appeared as different attempts to reproduce the electric 
and magnetic properties of these systems. Krivoruchko 
et al~, Nunez-Regueiro et al£ and Dionne^ are in- 
teresting examples of multiparameter models, but 
which failed to achieve full agreement to experimental 
data. Ravindranath et alA compare resistivity data in 
Lao.6Yo.iCao.3Mn03 to different two-parameter models, 
which do not agree to each other in the low-temperature 
range. Other interesting attempts can be found in the 
work of Rivas et alJl, Hueso et al&, Heremans et al£ , Pal 
et al&, Philip et al£, Szewczyk et al*&, Viret et al*^ and 
Tkachuk et al*^. None of these obtained plain agreement 
between experiment and theory, irrespect their number 
of adjusting parameters and approach. 

On another hand, Tsallis generalized 



statistics 



1.3,14,15,16 



has been successfully applied to 
an impressive number of areasii. The formalism rests 
on the definition of generalized entropj^: 



Sq — k 



9-1 



(1) 



where q is the entropic index, pi are probabilities satis- 
fying J2iPi = 1 an d k is a positive constant. The above 
formula converges to the usual Maxwell-Boltzmann def- 
inition of entropy, and to the usual derived thermody- 
namic functions, in the limit q — > i 13 - 14 -i£i±£il£. 

In what concerns Condensed Matter problems, appli- 
cations of Eq^ include: Ising ferromagnet9i&A*l*2fli2Ii2£ ) 
molecular field approximatio n 2 ^ 24 '^ , percolation 
problems 2 ^, Landau diamagnetism2L2£, electron-phonon 



systems and tight-binding-like Hamiltonian o 2 ^^^ , 
metallioS 2 . and superconductor systems, etc. The first 
evidences that the magnetic properties of manganites 
could be described within the framework of Tsallis 
statistics were presented by Reis et aL 34 , followed by an 
analysis^ of the unusual paramagnetic susceptibility of 
Lao.67Cao.33Mn03, measured by Amaral et al£&. 

Maximization of Eq^ subjected to the constraint of 
the normalized ^-expectation value of the Hamiltonian 



_ Tr{Hp"} 
Uq ~ Tr{pi) 



(2) 



and the usual normalization of the density matrix 
Tr {/5} = 1, yields the following expression for the density 
matrix p: 



P : 



i[l-(l-^(W-L7 g V|V(i- 9 ) (3) 



where 



Z q = Tr[l - (1 - q)P(H - U q )] 



1/(1-9) 



(4) 



is the partition function and /? = (3/Tr{p q }. Here, (3 is 
the Lagrange parameter associated to the internal energy. 
The magnetization of a specimen is, accordingly, given 

j-__14.1R.1fi.34.3R. 



Tr{m 



Tr{pi} 

where p is the magnetic moment operator. 



(5) 
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However, EqG3 can be written in a more convenient 
for m 14 ! 1 !?!!? 4 !^ in terms of /?*, denned as (3* — [3/[l + 
(1 — q)pU q }. In particular, to analyze the physical sys- 
tem described here, the quantity l/(k(3*) will repre- 
sent the physical temperature scale, as in references" 
Discussion about the concept of temperature and La- 
grange parameters in Tsallis statistics can be found in 
the literaturei^**''"'. In the present work, the 
q parameter is restricted to the interval < q < 1, pre- 
serving the entropy concavity'^. 

In this paper we pursue the idea, based on novel ex- 
perimental and theoretical results, that manganites are 
magnetically non-extensive objects. This property ap- 
pears in systems where long-range interactions and/or 
fractality exist, and such features have been invoked in 
recent models of manganites, as well as in the interpreta- 
tion of experimental results. They appear, for instance, 
in the work of Dagotto and co-workers', who empha- 
size the role of the competition between different phases 
to the physical properties of these materials. Various 
authors have considered the formation of micro-clusters 
of competing phases, with fractal shapes, randomly dis- 
tributed in the material 4 ^', and the role of long-range 
interactions to phase segregation". Important exper- 
imental results in this direction have also been reported 
by Marithew et aZ4&, and Fiebig et alwL. Particularly 
insightful is the work of Satou and Yamanada', who 
derived a Cantor spectra for the double-exchange hamil- 
tonian, basis of theoretical models of manganites. 

A major difficulty with Tsallis formulation concerns 
the physical meaning of the entropic parameter q. In this 
direction, Beck and Cohen' have recently shown that 
the value of q gives a direct measure of the internal dis- 
tribution of temperatures in an inhomogeneous system. 
Although their results are not directly applied to mag- 
netic systems, it has been known for some time that man- 
ganites are magnetically inhomogeneous systems (see, for 
instance, Refi"i and references therein), and this fact 
has been explored very recently by Salamon et a/', who 
applied the idea of distribution of the inverse suscepti- 
bility (which turns out to be equivalent to a distribu- 
tion of temperatures), to the analysis of the magnetic 
susceptibility and the effective paramagnetic moment of 
La .7Ca .3MnO 3 . 

In what follows, we present a magnetic model for clas- 
sical spins (cluster), using for that, the Tsallis generalized 
statistic. In the model, we consider that non-extensivity 
exists in the intra-cluster interaction, whereas the inter- 
cluster interaction remains extensive. This is important 
to maintain the total magnetization proportional to the 
number of clusters. Following, the Gibbs free energy is 
analyzed, within the mean-field approximation, and a se- 
ries of interesting magnetic features appears, as a con- 
sequence of the intra-cluster non-extensivity. Finally, a 
connection between the model proposed here and the ex- 
perimental data obtained from magnetic measurements 
performed on manganites support our thesis that these 
objects are magnetically non-extensive. 



II. CLASSICAL MODEL 

Consider a classical spin /2 submitted to a homogeneous 
magnetic field H. The hamiltonian H is given by 



H = —fiH cos ( 



(6) 



where 9 is the angle between fl and H . Following the 
usual Tsallis formalisrn'''i'' ; the magnetization 
M. q can be determined from Eq|^l yielding: 



/i q ( ' ~ (2 - q) \ coth 9 (x) 



1 - i x > 

x 7 1— q 



where x = jsH/kT, and coth q is the generalized q- 
hyperbolic co-tangent. The above two branches func- 
tion results from the Tsallis cut-of f 15 i 16 i 53 i 54 . It is inter- 
esting to note the similarity between the above result and 
the traditional Langevin function. In what follows, Eq0 
will be called Generalized Langevin Function, and this 
result can also be derived from the Generalized Brillouin 
Function, introduced in Ref', taking the limit of large 
spin values (S — ► oo). The result derived above is valid 
only for 0< q <1. 

The generalized magnetic susceptibility \ q shows the 
usual dependence on the inverse of the absolute temper- 
ature 



Xq = lim 



dH 



3kT 



(8) 



and is proportional to the usual paramagnetic Langevin 
susceptibility \i- A similar result was deduced for the 
generalized Brillouin function'. 



III. MEAN-FIELD APPROXIMATION 

A. Gibbs Free Energy 

The Gibbs free energy is, within the mean field approx- 
imation, 



G 



kT 
A* Jo 



Mn 



Mq\M' q )dM' q - HM q 



-M 2 

2 9 



(9) 



where the first term is the entropy, with Mq 1 the inverse 
function of the generalized Langevin function (Eq0 ; the 
second is the Zeeman term; and the third, the exchange 
energy, with A as the mean field parameter. The equilib- 
rium magnetization can be found from the minimization 
of the Gibbs free energy and, depending on the q value, 
first or second order transition features emerge. At zero 
magnetic field and for q>0.5 the free energy presents, at 
any temperature, only one minimum, for positive values 
of magnetization. Correspondingly, a second order para- 
ferromagnetic phase transition occurs at = qT^ 1 , as 
sketched in figure 1(a). Here, T c (1) = /i 2 A/3fc is the Curie 
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temperature for the standard Langevin model. From now 
on, we introduce the dimensionless temperature and field 
parameters t = T/tJ 1 ^ and h — fiH/kT^. 

For q<0.5 the nature of the phase transition is more 
complex, presenting a typical behavior of first order 
phase transition^. As it is illustrated in figure 1(b), 
for sufficiently high temperatures (t > tsu), only one 
minimum at M. q = is observed. Decreasing temper- 
ature, at t = tgH, a second minimum appears with fi- 
nite magnetization and further lowering temperature to 
t = t c , this minimum becomes degenerate, corresponding 
to M. q = 0. For t < t c the free energy global minimum 
occurs for finite magnetization, determining its equilib- 
rium value. However, this equilibrium state is not neces- 
sarily the one observed in finite times, since there is an 
energy barrier between the two minima, which prevent 
the whole system to reach the global minimum of energy. 
The minimum temperature that can sustain zero mag- 
netization is the one corresponding to t = tsc, where 
the energy barrier goes to zero and only one minimum 
exists at finite magnetization. In a similar way, tsH cor- 
responds to the maximum temperature that can sustain 
a finite magnetization. These phenomena are the well- 
known 'superheating' and 'supercooling' cycles and are 
responsible for the thermal hysteresis normally observed 
in first order phase transitional. The t$H and tsc tem- 
peratures can be analytically derived from the conditions 
described above, and are valid only for q <0.5, yielding: 



tsH 



4(2-g) 



tsc 



(10) 



(11) 



On the contrary, a closed expression for t c cannot be 
derived, since it involves transcendental equations. The 
temperature dependence of the reduced equilibrium mag- 
netization M. q (2 — q)/fi is sensitive to the features de- 
scribed above, as it can be seen in figure 2 and inset 
therein. 



B. Magnetic Susceptibility 

The generalized magnetic susceptibiliy \q, f° r any q 
value, can be derived from EqEl 



Xq 



t - 



3(9) 



(12) 



where, in analogy with the usual Curie- Weiss law, we 
define 



C (i) 



kT, 



(i) 



dM' 1 



dM c 



M q {H=0,T) 



(13) 



as the Generalized Curie Function. In the paramagnetic 
phase, t > t c , M(H = 0, T) = and the functions C (<?) 
and 9 p q ^ = AC^ are constants: 



A 



(14) 



(15) 



The temperature dependence of Xq, and its inverse, are 
quite distinct, depending whether q < 0.5 or q > 0.5, as 
displayed in figure 3(a) and (b), respectively. For q > 0.5 
the susceptibility diverges at t c , the same temperature 
where its inverse intercepts the temperature axis at 9 p q ^ . 
For q < 0.5 the susceptibility is always finite and peaks 
discontinuously at t c . Correspondingly, its inverse shows 
a discontinuity with finite values and the Curie- Weiss 
linear behavior extrapolates to Op 

tc 



(?) 



which is lower than 



Influence of Magnetic Field on the Phase 
Transition 



From the analysis of the Gibbs free energy, we conclude 
that for q < 0.5 and h = 0, the equilibrium magnetiza- 
tion has a first order phase transition. Sufficiently high 
magnetic field h > ho q , is able to remove the energy bar- 
rier between the two minima in the Gibbs free energy 
and, consequently, the discontinuity in the equilibrium 
magnetization curve. This effect is illustrated in figure 4. 
The expression for ho q can be derived from the condition 
described above, yielding: 



T-Oq 



3(1 -2q) 



(16) 



The quantity h/M q is particularly important from the 
experimental point of view, and is sketched in figure 5, 
for q<0.5 and h — 2>h^ q . 

Another interesting point of this model, for q < 0.5, 
is the existence of a ferromagnetic phase transition in- 
duced by the magnetic field, in the paramagnetic phase. 
In fact, sufficiently close to t c , the two minima have sim- 
ilar free energy values and, consequently, the magnetic 
field energy plays a decisive role, being able to switch be- 
tween the low and high magnetization values, inducing 
the first order phase transition. However, for sufficiently 
high temperatures t > to q , only one minimum exists for 
any value of magnetic field, and the phase transition be- 
comes of second order character. This effect is illustrated 
in figure 6. The temperature to q , which determines the 
continuous or discontinuous nature of the magnetization 
versus field curve is given by: 



t 



0q 



3(1 -g) 2 
2-q 



(17) 
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Above to q , the magnetization as a function of magnetic 
field curves are continuous, presenting, however, a char- 
acteristic change of slope at such magnetic field h c , which 
varies linearly with temperature, and is given by 



h c = a(t ~ t') 



(18) 



order region. As the magnetic field increases, this points 
travels in the dashed curve according to the parametric 
equations: 



qoh 



3-2/1 
6-h 



(21) 



where 



and 



,/ _ 3g(l - g) 
(2-?) 



(19) 



(20) 



D. Magnetic Phase Diagrams 

At this point it is convenient to summarize the main 
properties found so far: the behavior of the generalized 
magnetization and the generalized magnetic susceptibil- 
ity with temperature and field depend greatly on the val- 
ues assumed for the entropic parameter q. It can be the 
usual second order para-ferromagnetic phase transition 
but it can become first order, exhibiting the properties 
normally associated to this type of transitions. 

Figure 7(a) presents the t — q phase diagram for several 
h values. The solid lines divide the plane in ferro (be- 
low) and paramagnetic (above) regions. For h = and 
q > 0.5 the para-ferromagnetic phase transition is always 
second order, whereas for q < 0.5 the transition becomes 
first order. The dotted lines limit the stability regions 
of the fully ordered and disordered phases. In this way, 
the shaded area between such dotted lines represents the 
ferro-paramagnetic phase coexistence, which can exist for 
temperatures in the interval tsc(o) < t < tsii(q)- 

Strictly, in the presence of the magnetic field h the 
ferro-paramagnetic phase transition does not exist for 
any temperature, since A4 q is always different from zero. 
In any case, for q < 0.5, if the magnetic field is not too 
high, the Gibbs free energy presents two minima close 
to t c and we can always distinguish two phases, one with 
small magnetization A4 q mal1 and other with large magne- 
tization M l q arge . If the magnetic field is sufficiently high 
h > ho q , the energy barrier disappears and the transition 
becomes continuous. However, in this case, the transi- 
tion occurs with a characteristic slope change in magne- 
tization versus temperature curves, which does not occur 
for q > 0.5. For q < 0.5 and up to a critical applied 
magnetic field, the phase transition occurs discontinu- 
ously, with the shaded areas corresponding to the values 
of temperature and q where phase coexistence occurs. 
The magnitude of the discontinuity AM q decreases with 
increasing field, disappearing for h > h$ q f Ea 1161) . above 
which the transition is always second order (see figure 
4). The dashed line cuts the transition lines at the point 
(qoh,toh), which divides each line into a first and second 



toh — o^7~ 

3 6 



hf 



(22) 



In an analogous way, figure 7(b) presents the projection 
of the phase diagram in the h—q plane for several temper- 
atures t > t c . Each line divides the plane in the ferromag- 
netic region (above the curve) and in the paramagnetic 
region (below the curve). For q < 0.5 and sufficiently 
close to t c , a field induced phase transition occurs dis- 
continuously, with the dashed areas corresponding to the 
regions of phase coexistence. The magnitude of the dis- 
continuity AAi q decreases with increasing temperature, 
disappearing for t > to q (Ea ll7jl , above which the transi- 
tion is always second order (see figure 6) . The dashed line 
cuts the transition curves at the point (qot,hot), which 
similarly as in the previous diagram, divides the curves 
in regions of first and second order phase transition. As 
the temperature increases, the point moves up along the 
curve according to the parametric equations given below, 
with corresponding increase of the second order region: 



qot 



1 ot 



6-t-Vt 2 + 12t 
6 



6(£ - 3 + Vt 2 + 12t) 
t + 6 + Vt 2 + 12t 



(23) 



(24) 



The projection of the phase diagram in the h—t plane is 
presented in figure 7(c), only for g=0.1, for sake of clear- 
ness. Again, the dotted lines limit the stability regions of 
the para and ferromagnetic phases and the shaded area 
represents the values of field and temperature where the 
two phases can coexist. Above certain values of field 
and temperature ho q and to q , the transition becomes sec- 
ond order and the characteristic field h c varies linearly 
with temperature, as given by Ea ll8l The open circle 
(toq,ho q ) divides the curve into the first and second or- 
der phase transition regions, and travels along the dashed 
curve according to Eosllfiland ITTI 



E. Generalized Landau Coefficients 

In this section we derive the generalized coefficients of 
Landau theory of phase transitions^. Let us assume a 
reduced Gibbs free energy Q = G/UTq, and magnetiza- 
tion m = M q / fi. Thus, we are able to expand, for small 
values of magnetization, the previously presented Gibbs 
free energy (Eq|2ji, yielding: 



A, 



1 2 
m 



B, 



1 4 
m 



q m 6 



hm 



(25) 



5 



where, 



Ag = -(t-q) 



9(8g - 3 - 4g 2 )i 



5g 3 



C q = 



27(54 - 318g + 623g 2 - 464g 3 + 116g 4 )t 
175<j 5 



(26) 



(27) 



(28) 



Within the Landau theory, negative values of the coef- 
ficient B mean first order transitions. In this direction, an 
obvious correlation between the model here proposed and 
the usual Landau theory is obtained, since for q <l/2, 
the generalized Landau coefficient B q also assume nega- 
tive values, as sketched in figure 8. Note that for q <l/2 
our model also predicts first order transition. Addition- 
ally, still within the Landau theory, the parameter A usu- 
ally takes the form A = a(T — Tq) (Curie Law), and this 
is exactly the relation found for the generalized Landau 
coefficient A q (EqEEl and sketched on the inset of figure 
8), that represents the inverse of the generalized suscep- 
tibility (EqEJ. 

It is well know 56 i 57 i 58 that, using the classical formu- 
lation of the Landau theory, or similar, a negative slope 
of the isotherm plots h/m vs. m 2 (Arrot Plot) would in- 
dicate a first order phase transition. Thus, deriving the 
minimum of the Gibbs free energy (dQ /dm = 0), we can 
express the h/m quantity as: 



2\2 



— = A„ + B q m A + CJm 2 ) 
m 



(29) 



As expected, for q <l/2 the Generalized Arrot Plot has 
a negative slope, indicating first order transition, whereas 
for q >l/2, these plots are straight lines, characteristic 
of a ferromagnetic second order phase transition. These 
features are presented in figure 9(a) and (b), for q >l/2 
and q <l/2, respectively. 



IV. CONNECTIONS TO EXPERIMENTAL 
RESULTS 

A. A Brief Survey 

The experimental field and temperature dependen- 
cies of some manganites present interesting aspects. 
Mira et alJ££& analyzed the character of the phase 
transition in La2/3(Cai_j / Sr l) ) 1 /3Mn03 and concluded 
that for y=0 the magnetic transition is of first or- 
der, whereas it is second order for y=l. Other 
works, including those using nuclear magnetic resonance 
(NMR), support this resulijSMi. Amaral et al^MiM 
emphasized that Lao.67Cao.33Mn03, Lao.sMn03 and 
Lao.6oYo.o7Cao.33Mn03 exhibit first order transition 



character, with additional hysteresis for fields below 
than a critical field H<H* and temperature ranges be- 
tween Tc and a critical temperature T c . For the last 
manganite cited above, for instance, M(H) presents an 
upward inflection point from Tc=150 K up to 220 
K, with a characteristic field H C (T), for the inflex- 
ion point, presenting an almost liner temperature de- 
pendence. In addition, a large thermal hysteresis is 
clearly delimited for temperatures ranging from Tc up 
to the branching point T c ~170 K. Analogous behav- 
ior are found in Lao.67Cao.33Mn03 and Lao.sMnO^, 
Sm .65Sr .35MnO3^ and Pro.5Cao.5Mno.95Cro.05O3 65 , 
among others. 



Another interesting feature on the magnetization be- 
havior of some manganites concerns the H/M vs T mea- 
surement, that presents a strong downturn for temper- 
atures nearly above Tc- It makes a deviation from 
the simple Curie- Weiss law, and, at Tc, the mag- 
netic state is quickly switched to a ferromagnetic one. 
Such feature is frequently found in the literature of 
manganites: Lao.6oYo.o7Cao.33Mn03 and Lao.sMnOgS 3 -, 
Smo^Sro^MnOa^ 7 -, Lao.sasSro.iTsMnaseCuo.^OiA 
Cai_ x Pr x Mn03 with x <0.1 fi9 , among others. 



However, even with the enormous quantity of experi- 
mental measurements on manganites (see, for example, 
the impressive review by Dagotto and co- workers^) , the 
nature of the phase transition in ferromagnetic mangan- 
ites is still a controversial issue. In this direction, Amaral 
et al $ 2 ^ claim for new models to explain the first-second 
order character of the transition in manganites, even with 
the theoretical works developed by Jaime et al. 7 -, Alonso 
et al. 71 and Novak et al. 60 . 



To inquire about the order of the phase transition and 
describe theoretically the behavior of the relevant mag- 
netic quantities, Amaral and co-worker a^ 2 '^ used the 
macroscopic Landau theory of phase transition, expand- 
ing the free energy up to sixth power of the magnetiza- 
tion. If the parameter B (with respect to M 4 ) is negative, 
the transition can be first-order like. In this case, the 
magnetization will present large field cycling irreversibil- 
ity only for fields and temperatures below H* and T c , 
respectively. Further analysis of Landau theory, even 
for B <0 and higher temperatures and magnetic fields 
(H>H* and T>T C ), show that the magnetization has a 
peculiar inflexion point at a characteristic magnetic field 
H c , that increases linearly with temperature, H c (T)oc (T- 
T ). Mira et aL 58-59 have also applied the Landau theory 
to manganites. However, the results of the Landau the- 
ory are not sufficient to reproduce all peculiar magnetic 
properties of the manganites, such as the anomalous be- 
havior of the H/M vs. T quantity, presented on figure 5 
and figure 12. 
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B. Experimental and theoretical results for 

Lao.6oYo.o7Cao. 33 Mn03 

A ferromagnetic ceramic Lao.6oYo.o7Cao.33Mn03 was 
prepared by standard solid-state methods^ 3 -, and the 
magnetization was measured using a Quantum Design 
SQUID magnetometer (55 kOe) and an Oxford Instru- 
ments VSM (120 kOe). 

In this section we will apply the general results ob- 
tained in the previous sections to a quantitative analy- 
sis of experimental data for Lao.6oYo.o7Cao.33Mn03. As 
stated in section ITTTl we work within the mean-field ap- 
proximation, for which x assume the expression: 

x = ,{H + XM q ) m 

where A is the mean-field parameter. Figure 10 presents 
the measured and theoretical magnetic moment as a func- 
tion of magnetic field, for several temperatures above Tc- 
The excellent experimental-theoretical agreement is due 
to the use of the Tsallis statistics, which parametrizes the 
system inhomogeneity^i. 

Here, we use q, fi, A and N, the number of clusters in 
the sample, as free parameters. The magnetic moment 
(X of the clusters follows the usual temperature tendency 
of a para-ferromagnetic transition, whereas q increases 
towards unity with increasing temperature (figure 11). 
The temperature dependence of the q parameter was ex- 
pected, since it should reach the unity for sufficiently high 
temperatures. 

From these results, we were able to compare the 
anomalous downturn in H/M vs. T curves, just with 
the temperature dependence of q and /i, and the ap- 
proximately constant values of A and N. The calculated 
H/Aiq vs. T curve is displayed in figure 12, with its cor- 
responding experimental value. One should stress that 
the solid line in this plot does not include any other fit- 
ting parameter. The curve was calculated using only the 
fitted parameters obtained from Figure 10. 

Additionally, Amaral and co-workers pointed out that 
Lao.6oYo.o7Cao.33Mn03 6 -' presents two different features 
on the inflection point, at H c , of its M vs. H curves: 
(i) a linear temperature dependence of the characteristic 
field H c , for T>T C , and (ii) an observed hysteresis for 
temperatures in the range Tc <T<T C . Figure 13 shows 
the plot of H c vs. T obtained from experimental data. It 
is striking the similarity between this plot and the curve 
shown in Fig. 7(c). 

Finally, the Arrot Plots presented by Amaral et a/. 62,63 
and Mira et ali^^ are very similar to those presented 
on figure 9(a) (b). 

V. CONCLUSION 

In two previous publications^^ we presented evi- 
dences that the magnetic properties of manganites can be 
suitably described in the framework of Tsallis statistics. 



In the present paper we have extended our analysis and 
presented new compelling evidences in this direction by 
deducing a magnetic phase diagram which matches ob- 
served experimental results on Lao.6oYo.o7Cao.33Mn03, 
along with some other magnetic properties of this com- 
pound. The interpretation of the entropic parameter q, 
given by Beck and Cohen^, in terms of the ratio between 
the mean and width of the temperature distribution in 
the system, comes to support our proposal, since man- 
ganites have long been recognized as objects whose prop- 
erties are dominated by intrinsic inhomogeneities^i*£M£. 
Such a distribution can be translated as a distribution of 
the magnetic susceptibility, as pointed out by Salamon et 
a/ifil, from which a temperature dependence of q can be 
expected. Therefore, we conclude that the Tsallis nonex- 
tensive statistics is a handy tool to study, classify and 
predict magnetic and thermal properties of manganites. 
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VII. FIGURE CAPTIONS 

Figure 1. Gibbs free energy (EqEJ, within the mean field 
approximation and h =0, as a function of the reduced mag- 
netization, (a) For q >0.5 only one minimum is observed, 
for any value of temperature (t>t c or t<t c ), representing a 
second order phase transition for the magnetization, (b) For 
q <0.5 and t=t c two degenerated minima are observed, rep- 
resenting a first order phase transition. The tsn and tsc 
temperatures limit the 'superheating' and 'supercooling' cy- 
cle, responsible for the thermal hysteresis normally observed 
in first order transitions. 

Figure 2. Temperature dependence of the reduced equi- 
librium magnetization for several values of q and h = 0. For 
q <l/2 the transition shows a first order character, whereas 
for q >l/2 the transition is of second order type. Inset: Ther- 
mal hysteresis normally observed in first order phase transi- 
tions, with the 'superheating' and 'supercooling' cycles. 

Figure 3. Temperature dependence of the generalized 
magnetic susceptibility Xi-, an d its inverse, for (a) q <0.5 and 
(b) q >0.5. 

Figure 4. Temperature dependence of the reduced equilib- 
rium magnetization for several values of h, and q =0.1. Suffi- 
ciently high magnetic field h > ho q fEo lloll . is able to remove 
the discontinuity in the equilibrium magnetization curve. 

Figure 5. Temperature dependence of the quantity h/M q , 
for q =0.2 and h = 3ho q . 

Figure 6. Magnetic field dependence of the reduced equi- 
librium magnetization for several values of temperature, and 
q =0.1. It represents a genuine ferromagnetic phase transi- 
tion induced by magnetic field, in the paramagnetic phase. 
For sufficiently high temperatures t > t 0q fEo !17ll . the transi- 
tion becomes continuous. 
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Figure 7. q— magnetic phase diagram summarizing the 
main properties found in the model, (a) Projection of the 
phase diagram in t — q plane. The solid lines divide the plane 
in ferro (below) and paramagnetic (above) phases, with a re- 
gion of phase coexistence between the dotted lines (shaded 
area). On the left side of the dashed line, the transition has a 
first order character, whereas a second order character arises 
for the right side, (b) Projection of the phase diagram in h — q 
plane, for several temperatures t>t c . The curves in this case 
have a complete analogy to the previous one, however, it is 
ferromagnetic above the transition lines, since it represents a 
ferromagnetic transition induced by magnetic field, (c) Pro- 
jection of the phase diagram in the h — t plane, for q =0.1. 
Above certain values of field and temperatures h 0q fEnllfifl. 
and to q (Ea \17l . the transition becomes second order. 

Figure 8. The generalized Landau coefficient B q as a func- 
tion of the entropic parameter q. For q <0.5, B q assume 
negative values, indicating first order phase transition. Inset: 
temperature dependence of the parameter A q , that represents 
the inverse of the generalized susceptibility. 



Figure 9. The generalized Arrot Plot (h/m vs. m 2 
curves), for (a) q >0.5 and (b) q <0.5. 

Figure 10. Measured (open circles) and theoretical (solid 
lines - Ensl7la,nrt l30l magnetic moment as a function of mag- 
netic field, for several values of temperatures above To = 150 
K. 

Figure 11. Temperature dependence of the fitting param- 
eters, q and /j, (see text). 

Figure 12. Measured (open circles) and theoretical (solid 
lines) values of the quantity H/M vs. T. The solid line in this 
plot does not include any fitting parameters, and was calcu- 
lated using only the fitted parameters obtained from figure 
10. 

Figure 13. The linear temperature dependence, for 
T>Tq, of the characteristic field H c , which corresponds to the 
inflexion point of the experimental M vs. H curves, measured 
in Lao.6oYo.o7Cao.33Mn03- For Tc <T<T£. the hysteresis is 
indicated by the shaded area. It is striking the similarity be- 
tween this experimental plot and the theoretical one, shown 
in figure 7(c). 
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